This paper explores the feasibility of using ultrasonic guided Lamb waves to characterise the type and through thickness severity of damage present in composite plate-like structures. Two cases were considered, the first compared isolated subsurface delaminations between plies whilst the second case looked at more complicated barely visible impact damages caused by a low velocity impactor. In this study, the ultrasonic guided Lamb waves were generated by a surface mounted piezoelectric transducer and were sensed by a Laser Doppler Vibrometer. This allowed full wavefield imaging of the Lamb wave interaction with damage without the need for a previously acquired damage free baseline signal. In order to save time and improve the signal to noise ratio, the narrowband toneburst signals are reconstructed from a singular chirp response and a post-processing algorithm. Both cases showed similar results in that the first symmetric mode, S 0 , which is dominant at higher frequencies, caused mode conversions when interacting with the defects whilst the first anti-symmetric mode, A 0 , dominant at lower frequencies, mainly caused a change in phase and amplitude across the defects. Both cases also showed that as the damaged area got more severe, the effects of the damage on both modes became more pronounced.
INTRODUCTION
Composite materials are becoming very popular in aerospace applications due to their superior strength to weight ratio compared to metals. However, they can be susceptible to barely visible impact damage (BVID) from foreign objects during their active life which could have catastrophic consequences. Structural Health Monitoring (SHM) is one promising method of assessing the structure during its active life and detecting these kinds of damages.
SHM can be defined as any real time damage identification method that aims to reduce maintenance costs and improve reliability and safety. It can be divided into four, increasingly difficult stages that require the knowledge of the previous stage. These are the detection of damage, the localisation of damage, the identification of the type and severity of damage present and then finally being able to produce life prognosis of the structure.
1
Many SHM methods are based on ultrasonic guided Lamb waves (UGW) propagating through the structure. Very often, this requires the use of piezoelectric transducers. Due to the direct piezoelectric effect, these transducers can act as sensors by converting the mechanical strain of the elastic waves into electrical signals. For example, the acoustic emission of an impact can be used to determine its location on a structure. [2] [3] [4] Due to the inverse piezoelectric effect, the elastic waves can also be generated actively in the structure by the same transducers. In fact, one of the most popular SHM methods is based on these actively generated UGW propagating through the structure and interacting with any damage present. Often this requires data from a previously measured pristine state in order to detect damage as a change in the signal response. Many authors [5] [6] [7] have been able to detect and locate damage using this method but being able to identify its type and severity from the signals sensed on the transducers still remains a challenge.
As each transducer only gives you the raw time domain signal sensed at that point, it gives very limited information on the propagation of Lamb waves and its interaction with damage through the structure. To overcome this problem, a Laser Doppler Vibrometer (LDV) can be used to analyse Lamb waves in a structure in both the spatial and temporal domain. This offers the potential of visualizing Lamb waves propagating through a damaged structure as well as validating computational models of Lamb waves. [8] [9] [10] This work aims to employ an LDV to investigate the effect of damage severity on Lamb wave propagation and its applicability to a network of transducers in a pitch-catch configuration. It also proposes using a chirp excitation for the LDV scanning to improve the Signal to Noise Ratio (SNR) and drastically reduce acquisition time.
COMPOSITE PANELS
Two different damage scenarios were thoroughly investigated in this work. The first was an artificial delamination introduced during curing of a composite panel in the form of a Teflon R patch between certain plies. The second was four, increasing levels of impact damage severity on identical composite panels caused by increasing the impact energy when introducing BVID. The reason for the two different cases were to see if damage severity could be analysed using Lamb waves regardless of the structure in question and whether the popular method of introducing an artificial delamination in the pre-cured stage gives similar damage characteristics as BVID. The details of the two panels and the proposed methods of analysing the damage severity are discussed in this section.
Artificially Delaminated Panel
For the first case, a composite panel of dimensions 400x400x3mm with a layup sequence of [0/ ± 45/90] 2s was cured from M21-T800s pre-preg sheets. In order to introduce delamination into the panel, two Teflon R release films were placed in the locations shown in Figure 1 . Area (a), on path 5-3, had a release film between plies 12 & 13 whilst area (b), on path 5-7, had a release film between plies 4 & 5 and 8 & 9 to represent a more severe delamination. Both can be seen in Figure 2 . 9 Piezoelectric transducers, PIC255 (Ceramic: PIC 255, Type: disc OD=10mm x TH=1mm, Electrode: fired silver, wrapped), 10mm diameter were bonded to this panel but only the middle transducer, number 5, was used in this work. 
Impact Damaged Panels
For the second case, a composite panel of dimensions 600x600x2mm with a layup sequence of [0/ ± 45/90] 2s was manufactured from 8552-33%-134-IM7-12K-1200mm pre-preg sheets. Post-curing, the panel was then cut using a waterjet to produce four smaller identical panels of dimensions 250x250x2mm. To each of these panels, a singular PIC255 transducer, was bonded 80x80mm from the bottom left corner of the panel with cyanoacrylate. These stages are illustrated in Figure 3 , where the red area represents the area of interest around damage. The scanning area and damage location of each sub panel can be seen in Figure 4 .
An Instron Ceast 9350 drop tower machine ( Figure 5 ) was used to impact the panels. The impactor was a 20mm hemisphere diameter with a weight of 2.41kg and the impact energies were varied by adjusting the height at which the impactor would drop from. The lowest impact energy was chosen to cause an impact force just above the delamination threshold using the same relation as defined in Ref. 11 and 12. This was 5J and that was used for panel 1, the least severe damage case. The higher energy impacts were then chosen at 7J, 9J and 11J respectively for panels 2, 3 and 4.
In order to verify that the impacts had caused BVID in all the panels and that their severities were different, an immersion ultrasonic C-scan and a handheld ultrasonic camera were used to scan each panel after the impacts. The location of the impact can be seen in Figure 6 on each panel. The exact geometry of each damage case can also be seen in this figure which shows a good trend in the damage severity caused by the increasing impact energy.
It is worth noting also that on panel 4 that a small 15mm crack was visible under good light on the rear of the panel as shown in Figure 7 . However, on the top of the panel, where the impact took place, no damage is visible and thus the damage is still a BVID from the inspection side. This shows the energy transfer through the panel during impact as is expected from laminate fracture theory.
EXPERIMENTAL SETUP

LDV
An LDV is a non-contact vibration measuring system based on the Doppler Shift that can record accurate surface velocity measurements at a point on the structure. By predefining a grid of scan points with a density large enough to capture the spatial wavelength of the ultrasonic wave modes, Lamb waves and their interaction with damage can be visualised and analysed. The LDV used for this experiment was the PSV-500-3D-M model by Polytec GmbH.
Due to the high frequencies and velocities of the guided Lamb wave modes, a few steps were taken to improve the SNR of the signals obtained via the LDV. These included amplifying the input signal to the PZT transducer to ±100V , averaging 200 measurements at each scan point in the grid, applying a bandpass filter to the DAQ between 25kHz and 550kHz, improving the surface reflectivity of the panels as well as accurately determining optimised focus values at 3-4 scan points for each laser head and interpolating the values at all other points.
The experimental setup for capturing Lamb wave propagation using the LDV is shown in Figure 8 . An Agilent 33120A arbitrary waveform generator (AWG) was used to create the toneburst signal at an amplitude of ±2V . The amplifier increased the voltage to ±100V and then sent the signal to a piezoelectric actuator bonded to the surface of the structure. The sampling frequency was set at the systems maximum of 2.56MHz to avoid any temporal aliasing and 2048 samples were recorded to give a 0.8ms reading at each point.
For case 1, the artificial delamination, a scan grid of 80x80mm made from 3025 points was created. For reference, the centre of the 80x80mm grid was the centre of the artificial delamination which can be seen from Figure 1 . For case 2, the impacts, a scan grid of 87x87mm around the impact location was created which consisted of 5929 scan points. The reason for the greater number of points was to improve the resolution around the four impacts. As mentioned previously, the location of the scan area for these panels can be seen in Figure  4 . 
Excitation Signal
Researchers 13 have shown that one of the most effective excitation signal to detect damage using Lamb waves is s b (t) = w(t) sin (2πf c t) where w(t) = 0.5 1 − cos 2πf c t n cycles (1) which is a narrowband Hanning windowed toneburst at a centre frequency, f c , with a small number of cycles, n cycles , in order to prevent dispersion and minimise reflections. In This is shown graphically in Figure 9 for 5 cycles and a centre frequency of 100kHz. Lamb waves are multimodal and the different modes have will interact differently with damage. Some modes/frequencies are better at detecting surface damage whilst others are better with damage deep within the structure. It is therefore desirable to take measurements at a range of frequencies when the nature of damage is unknown. It is also desirable to only excite the two lowest fundamental modes to simplify the signal processing and so the centre frequency normally used in SHM is normally below 1MHz. For the panels here, at 2mm and 3mm thick, 50-500kHz was the chosen range. Due to the number of scan points needed in the area of interest, the time it took the LDV to scan one panel was around ten hours. This was because of the 15ms bursts, 200 averages, thousands of scan points per panel and the time it took the laser to move and refocus at each point. Add to this the need to scan multiple panels at a whole range of narrowband, windowed tonebursts and the process becomes very time consuming.
Time (s)
To overcome this problem, a broadband linear chirp signal,
that covered the entire frequency range of interest was used as the input. The duration of the chirp is given by T and was chosen as 0.5ms to give a high SNR in this work. The lower and upper frequencies, f 0 and f 1 respectively, were chosen at 50kHz and 500kHz. The signal can be seen in various forms in Figure 10 and Figure 11 . The data was then fed through a frequency domain based reconstruction algorithm to obtain the results at a whole range of narrowband, windowed tonebursts which was validated in previous work by the author. 8 This method has been used to determine the best frequency and number of cycles for mode purity using an actuator and sensor in pitch-catch configuration 14 , the delay and sum method to locate damage 15 and to visualise the interaction of Lamb wave modes with delamination using an LDV. 8 The expression for this algorithm is were recorded in the time domain, converted to the frequency domain via a Fourier transform and then the results needed to be converted back to the time domain via an inverse Fourier transform in order to visualise the Lamb waves. An example of the response calculated using this method is shown in Figure 12 . Figure 12 (b) shows the resulting toneburst response obtained from the chirp signal in Figure 10 , the measured chirp response in Figure 12 (a) and the narrowband toneburst signal of interest shown in Figure 9 . 
Introduction
As mentioned briefly in Section 3, Lamb waves are multimodal in nature and when excited with a surface mounted transducer generate two fundamental modes (below a threshold cut-off frequency), the antisymmetric A 0 mode and the symmetric S 0 mode. The mode shapes of both can be seen in Figure 13 and their interactions with a defect can be different to each other. 6 They also propagate at different velocities, with the S 0 mode always being faster than the A 0 mode. As well as this, their relative amplitudes also vary with frequency. The A 0 mode is more dominant at low frequencies whereas the S 0 mode is more dominant at high frequencies. This allows engineers to pick a particular frequency when interested in a specific mode.
The responses at a whole range of frequencies from 50kHz to 500kHz were extracted from the chirp signal responses and analysed. To condense, only the results from two significantly different frequencies for each panel will be looked at here. A low frequency case, typically 50-100kHz depending on the structure to isolate the A 0 mode and a high frequency case, typically 300-400kHz to isolate the S 0 mode. The low frequency case for the artificially delaminated panel was chosen to be 75kHz. At this frequency, the S 0 mode has a large wavelength but such low amplitude that only the A 0 mode can be clearly seen. Figure 14 shows the full wavefield results at this frequency. One can see here that the delamination on path 5-7 is more severe, with the wave being more distorted in (a), having a higher amplitude in (b) and leaving trapped standing waves in the delaminated area and reflections out of it in (c). 
300kHz
The high frequency case was chosen to be 300kHz where only the S 0 mode has a significant amplitude. This is shown in Figure 15 . At this frequency, as we saw at 150kHz, the outline of the damage can be clearly seen and mode conversions seem to take place within the damaged area. However, after propagating through the damage, the propagating wave seems to pass without a phase shift, amplitude reduction nor a significantly high reflection profile. Its clear from this that both modes interact very differently with an artifical delamination.
Impacted Panels 4.3.1 75kHz
After looking at the artificial delamination case, the next step was to see if the same behaviour for both modes is also observed in real BVID panels. Due to the difference in thickness to the previous panel, the frequencies to isolate certain modes vary slightly although the first frequency of interest was still 75kHz. As mentioned already, at this frequency, only the A 0 mode can be clearly seen. Figure 16 shows the full wavefield results at this frequency for panel 1 (top) right through to panel 4 (bottom). It is possible to see the interaction of the passing wave with each damage case at this frequency and a few trends with increasing severity can be seen. Firstly, by looking at the snapshots from 128.1µs, the phase shift and amplitude reduction in the propagating wave through the damage tends to increase as the severity increases. Then, when looking at the 152.3µs snapshots, the reflected waves from the damaged area are much more prominent in the more severe cases and almost non existent in the 5J case.
350kHz
The higher frequency of interest for the impacted panels was chosen as 350kHz in which the S 0 mode can be isolated. Figure 17 shows the full wavefield results at this frequency for the four panels. The centre of this wave packet propagates through the damage at 36.3µs where we can clearly see the size of the damage for each case. At this timestep, we can see that the amplitude of the wave at the damage region is lower in the more severe case. However, just like with the artificial delamination, after propagating through the damage, the wave seems to pass without much change to its phase nor amplitude and without a significantly high reflection profile.
CONCLUSIONS
Firstly, one could say from looking at these results that an artifical delamination, a common method of generating subsurface damage in composites, is a good representation of a real BVID, at least in its interaction with UGW.
It can also be seen from these results that both the fundamental modes act very differently to eachother when passing through the damaged areas. The S 0 , through mode conversions, showed the geometry of the damage clearly as the wave passes through it but, especially without a baseline subtraction, it was difficult to see any changes to the overall wavefield. On the other hand, the A 0 mode wavefield got distorted by the damage causing phase shifts, amplitude changes as well as reflections and scattering patterns.
In terms of the severity assessment, it seems that the A 0 mode is more sensitive in this way, with the phase shifts, amplitude changes and reflections become more pronounced with more severe through thickness damage. Further studies are needed to see how this information could be linked to a sparse network of transducers as part of a in-service SHM damage detection methodology.
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